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Abstract 
The roles of Na+/H + antiport and intracellular pH in apoptosis of HL-60 cells were investigated here. We found that dimethyl 
amiloride, a specific Na+/H + antiport inhibitor, induced intracellular acidification but not apoptosis; while sodium ionophore, monensin 
caused intracellular alkalinization as well as apoptosis in HL-60 cells. Br-A23187 and thapsigargin could induce a various degree of 
intracellular alkalinization through the stimulation of Na+/H + antiport. Dimethyl amiloride blocked the intracellular alkalinization and 
inhibited apoptosis induced by Br-A23187 and thapsigargin. PMA also stimulated Na+/H + antiport and induced intracellular 
alkalinization which was completely blocked by dimethyl amiloride and partially attenuated by PKC inhibitors. PMA could inhibit 
apoptosis in HL-60 cells. PMA-induced suppression of apoptosis was, however, not interfered by dimethyl amiloride, but could be 
abolished by PKC inhibitors. These results indicate that pHi alkalinization and/or the stimulation of Na+/H "- antiport, instead of 
intracellular acidification, are contributory to the induction of apoptosis. PMA-induced inhibition of apoptosis is not necessarily 
associated with intracellular alkalinization, but primarily due to activation of PKC. We suggest that stimulation of Na+/H + antiport and 
pHi alkalinization act as facilitating factors in the induction of apoptosis. 
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I .  Introduction 
Stimulation of Na+/H + antiport and the subsequent 
alkalinization of cytosol generally precedes the activation 
of many cellular functions [1-4]. Changes in pHi also 
participate in the regulation of programmed cell death 
(apoptosis). Barry et al. [5] reported that intracellular acid- 
ification was a major factor responsible for the initiation of 
apoptosis in HL-60 cells. Rajotte et al. [6] also observed 
that in Mo7-E cells, growth factors and PMA-induced 
suppression of apoptosis required the activation of PKC 
and the presence of a functional Na+/H + antiport. 
However, there are several lines of evidence which 
imply that intracellular alkalinization may be related with 
the induction of apoptosis. Firstly, although the apoptosis- 
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inhibitory agents, growth factors and TPA, can induce 
intracellular alkalifiization through the stimulation of 
Na+/H + antiport, other agents such as calcium ionophore 
Br-A23187 which promotes apoptosis in HL-60 cells, can 
also induce intracellular alkalinization [7]. Second, the 
optimal pH of the endonuclease isolated from lymphocytes 
[8] or from HL-60 cells and other myeloid leukemia cells 
[9] was alkaline. Therefore, the roles of pHi and Na+/H ÷ 
antiport in the regulation of apoptosis require further ex- 
amination. 
In this article, by the use of a specific inhibitor of 
Na+/H ÷ antiport, dimethyl amiloride and a sodium 
ionophore, monensin as well as other agents which can 
initiate or inhibit apoptosis in HL-60 cells, the role of 
Na+/H + antiport and pHi in the regulation of apoptosis 
was investigated. Our results indicate that stimulation of 
Na+/H + antiport and/or  intracellular alkalinization, but 
not intracellular acidification are related with the induction 
of apoptosis. The ability of PMA to inhibit apoptosis is not 
directly associated with the stimulation of Na+/H + an- 
tiport and intracellular alkalinization but primarily due to 
the activation of PKC. 
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2. Materials and methods 
2.1. Materials 
Br-A23187, thapsigargin, phorbol 12-myristate 13- 
acetate (PMA), amiloride, dimethyl amiloride, bis- 
(carboxyethyl)-carboxyfluorescein acetoxymethyl ester 
(BCECF/AM), diphenylamine, and RPMI 1640 medium 
powder were purchased from Sigma, USA and fetal calf 
serum, from Gibco, USA. GF109203X and staurosporine 
was from Calbiochem, USA. 
2.2. Cell culture 
HL-60 cell line was obtained from American Type 
Culture Collection. Cells were cultured in RPMI 1640 
medium (containing 100 U/ml  penicillin and 100 /xg/ml 
streptomycin) supplemented with 10% fetal calf serum at 
37°C in humidified air containing 5% CO 2. They were 
sub-cultured twice a week and only those in an exponential 
growth period were used in these experiments. 
2.3. Measurement ofpHi 
pHi was measured by the method escribed by Nadshus 
et al. [10]. Briefly, HL-60 cells at approximately 80% 
confluence were collected, washed and re-suspended to a 
cell density of 1. 106/ml with RPMI medium. Finally 
they were loaded with 1 /J,M BCECF/AM for 30 min at 
37°C. At the end of loading, the cells were washed three 
times with Hepes-buffered Hanks' balanced salts (HBSS, 
pH 7.4). 2 ml suspension was added to the quartz cuvette 
and the fluorescence was continuously measured at 37°C 
using a Hitachi F-4000 fluorescence spectrometer with a 
thermally controlled cuvette holder and a magnetic stirrer. 
The excitation and emission wavelengths used were 490 
and 530 nm, respectively. After the cells were lysed with 
0.1% Triton, the correspondent fluorescence and pH values 
was recorded upon the addition of fixed amount of stan- 
dard acid solutions. These data were used to calibrate the 
pHi. 
2.4. Qualitative and quantitative analysis of internucleoso- 
mal fragmented DNA 
The intemucleosomal DNA fragmentation was assayed 
by a modified method of Bhalla et al. [11]. 5- 10 6 cells 
were treated with the test agents for 4 h. Then the cells 
were washed with isotonic phosphate-buffered saline (PBS, 
pH 7.4) and disrupted by a lysis buffer (5 mM/1 Tris-HC1, 
0.5% (v/v)  Triton X-100 and 20 mM/1 EDTA). The 
cellular lysates were centrifuged at 13 000 g for 20 min to 
separate the low molecular weight DNA from the intact 
chromatin. Fragmented DNA in the supernatant was ex- 
tracted with phenol, and, chloroform/isoamyl alcohol 
(25:24:1) and the total purified DNA was then dissolved in 
15 /xl of Tr is/EDTA loading buffer (pH 8.0) and 3 /xl of 
tracking dye (50% glycerol, 1% xylene cyanol). DNA was 
electrophoresed through 1% agarose gel for 90 min at 60 
V and visualized by UV illumination. 
For quantitative DNA analysis, 10 7 cells were treated 
with test reagents for 4 h. At the end of the incubation, 
cells were disrupted and the supernatant was collected as 
described above. The diphenylamine method [11] was used 
to measure the DNA content in the supernatant. The 
amount of spontaneously occurred fragmented DNA in 
either serum-free medium or medium with 10% FCS ranged 
from 2 to 4/~g/107 cells. 
2.5. Statistical analysis 
Student's t-test was used to analyze the data and the 
values were expressed as mean _ S.D.. 
3. Results 
3.1. Effects of pHi modulators on apoptosis in HL-60 cells 
Dimethyl amiloride is a specific inhibitor of Na+/H + 
antiport [12,13]. As shown in Fig. 1, dimethyl amiloride 
produced intracellular acidification through inhibition of 
the membrane Na÷/H + antiport; while sodium ionophore 
monensin increased exchange between extracellular sodium 
and intracellular proton [14] and dose-dependently induced 
intracellular alkalinization. The effects of these agents on 
HL-60 cell apoptosis were studied. In this study, apoptosis 
Men 
Fig. 1. Effects of dimethyl amiloride and monensin on pHi of HL-60 
cells. HL-60 cells were loaded with the pH-sensitive fluorescent probe 
BCECF, as described in Section 2. After a stable fluorescence was 
obtained, imethyl amiloride (DMA, 50 /xM) or monensin (Mon, 10 
/xM) was added. The initial pH of HL-60 cells was around 7.1 in all 
experiments. The three xperiments gave similar esults. 
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was identified qualitatively on the basis of the occurrence 
of internucleosomal DNA cleavage on agarose gel elec- 
trophoresis. It was also quantitatively evaluated by measur- 
ing the amount of fragmented DNA. Both methods yielded 
similar results in all experiments. A typical electrophoresis 
profile of the DNA fragmentation presented in Fig. 2A, 
shows that amiloride and dimethyl amiloride did not in- 
crease DNA fragmentation, while monensin elicited DNA 
fragmentation. These results are further supported by the 
quantitative measurement of fragmented DNA induced by 
amiloride, dimethyl amiloride and monensin (Fig. 2B). 
These results suggest hat inhibition of Na+/H + antiport 
and the subsequent intracellular acidification does not pro- 
mote apoptosis in HL-60 cells, while intracellular alkalin- 
ization may be a trigger to apoptosis. 
3.2. Effects of pHi and Na+/ H + antiport in HL-60 cell 
apoptosis induced by different agents 
Many agents can induce apoptosis in HL-60 cells. We 
found that calcium ionophore Br-A23187, thapsigargin, 
Ara-C, cycloheximide all induced apoptosis in HL-60 cells 
(unpublished data). In order to understand the roles of pHi 
and Na÷/H ÷ antiport in HL-60 cell apoptosis, the effects 
of these agents on pHi and Na+/H ÷ antiport were ob- 
served. All these agents induced a various degree of 
intracellular alkalinization. Fig. 3 shows the effects of 
Br-A23187 and thapsigargin. In the case of Br-A23187, 
although there was an initial transient intracellular acidifi- 
cation, it was immediately followed by intracellular alka- 
linization. The Na+/H + antiport inhibitor dimethyl 
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Fig. 2. Effects of amiloride, dimethyl amiloride and monensin on apoptosis of HL-60 cells. (A) DNA fragmentation i duced by amiloride, dimethyl 
amiloride and monensin. 5 - 106 HL-60 cells were treated with different agents for 4 h. Total fragmented DNA was extracted, purified and electrophoresed 
in agarose gels as described in Section 2. Lane 1, OX174 HaelII DNA marker; Lane 2, control cells; Lane 3, 10 p,M Ara-C (as positive control); Lane 4, 
10 /zM monensin; Lane 5, 50 /.~M dimethyl amiloride; Lane 6, 100 /xM amiloride. (B) Quantitative measurement of fragmented DNA induced by 
amiloride, dimethyl amiloride and monensin. 1- l07 cells were treated with 100 /zM amiloride, 50 /zM dimethyl amiloride or 10 /,LM monensin in 
serum-free medium for 4 h. Fragmented DNA was extracted and measured as described in Section 2. Results are expressed as percentage change compared 
with control. The bars represent mean + S.D., n = 6. * * P < 0.01 compared with untreated cells. 
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Fig. 3. Roles of BroA23187 and thapsigargin on pHi of I-IL-60 cells, pHi 
was monitored as described in Fig. 1. At the indicated time, Br-A23187 
(1 ~,M) or thapsigargin (TG, 6 nM) was added. In the presence of 
dimethyl amiloride (DMA), cells were pretreated with 50 ~M DMA. 
Br-A23187 or thapsigargin was added after a relatively stable recording 
was obtained. Results in the three experiments were similar. 
amiloride inhibited intracellular alkalinization i duced by 
Br-A23187 and thapsigargin, suggesting that intracellular 
alkalinization was mainly the result of stimulation of 
Na+/H + antiport. Monensin also induced intracellular 
alkalinization. However, dimethyl amiloride did not block 
the effect of monensin (Fig. 4). The effects of dimethyl 
amiloride on apoptosis induced by Br-A23187, thapsigar- 
gin and monensin were also studied. Fig. 5 shows the 
results of quantitatively measurement of fragmented DNA 
induced by these agents. Dimethyl amiloride significantly 
(P < 0.05) decreased DNA fragmentation induced by Br- 
A23187 and thapsigargin but not that by monensin. These 
results indicate that some apoptotic agents can stimulate 
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Fig. 4. Effect of dimethyl amiloride on monensin-induced change in pHi. 
pHi was monitored as described in Fig. 1. At the indicated time, 
monensin (Mon, I0 p,M) or dimethyl amiloride (DMA, 50 /~M) was 
added. The three experiments gave similar results. 
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Fig. 5. Effects of dimethyl amiloride on HL-60 cell apoptosis induced by 
Br-A23187, thapsigargin and monensin. 1-10 7 cells were treated with 
250 nM Br-A23187 (Br-A), 2.5 nM thapsigargin (TG) or 10 p,M 
monensin (Mon) in the absence ([]) or presence (dotted bar) of 50 /~M 
dimethyl amiloride for 4 h in serum-free medium. Fragmented DNA was 
measured as described in Section 2. Results are expressed as percentage 
change compared with control. The bars represent mean + S.D., n = 6. 
* * P < 0.01 compared with results in the absence of dimethyl amiloride. 
Na÷/H + antiport and induce intracellular alkalinization a 
result which may be partially attributed to the induction of 
HL-60 cell apoptosis. 
3.3. Effects of Na +/H + antiport and pHi aikalinization 
in PMA-induced inhibition of apoptosis in HL-60 cells 
As reported by other authors [15,16], PMA may also 
stimulate Na+/H + antiport. As demonstrated in Fig. 6, 
PMA induced intracellular alkalinization in HL-60 cells. 
Addition of 100 nM of PMA resulted in obvious pHi 
alkalinization. This intracellular alkalinization was com- 
pletely blocked by dimethyl amiloride. PMA can inhibit 
HL-60 cell apoptosis nduced by agents uch as Br-A23187 
and TG (unpublished ata). Therefore, the effect of 
dimethyl amiloride on PMA-induced inhibition of apopto- 
sis in HL-60 cells was examined. Fig. 7 shown the results 
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Fig. 6. Roles of dimethyl amiloride on PMA-induced change in pHi. pHi 
was monitored as described in Fig. 1. At the indicated time, PMA (100 
nM) or dimethyl amiloride (DMA, 50 /xM) was added. Results in the 
three experiments were similar. 
126 W.-H. Zhu, T.-T. Loh / Biochimica et Biophysica Acta 1269 (1995) 122-128 
Z Y X 
Mo T B C Mo T B C Mo T B C M 
Fig. 7. Effects of dimethyl amiloride and PMA on DNA fragmentation induced by Br-A23187, TG and monensin in HL-60 cells. 5 • 106 HL-60 cells were 
cultured in serum-free medium for 4 h (C, control) or with Br-A23187 (B, 250 nM), TG (% 2.5 nM) or monensin (Mo 10 /xM) alone (Group X), in the 
presence of 100 nM of PMA (Group Y) or in the presence of 50/.tM of dimethyl amiloride and 100 nM of PMA (Group Z). Total fragmented DNA was 
extracted, purified and electrophoresed in agarose gel as described in Section 2. M, DNA marker (123 bp ladder). Similar results were observed in three 
experiments. 
of DNA fragmentation  agarose gel electrophoresis in- 
duced by Br-A23187, TG, and monensin in the presence of 
PMA or the combination of dimethyl amiloride and PMA. 
PMA (100 nM) suppressed DNA fragmentation i duced 
by Br-A23187, TG and monensin (Group Y). The presence 
of 50/zM dimethyl amiloride did not antagonize PMA-in- 
duced suppression of DNA fragmentation (Group Z). The 
effects of dimethyl amiloride and PMA on DNA fragmen- 
tation induced by TG and monensin were also quantita- 
tively analyzed. As shown in Fig. 8, PMA inhibited spon- 
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Fig. 8. Interaction between PMA and dimethyl amiloride on HL-60 cell 
apoptosis induced by thapsigargin and monensin. 1• 107 cells were treated 
with 2.5 nM thapsigargin (TG) or 10 /xM monensin (Mon) in the 
presence of 100 nM PMA (dotted bar) or the combination of 100 nM 
PMA and 50 /.~M dimethyl amiloride (• )  for 4 h in serum-free medium. 
Fragmented DNA was measured as described in Section 2. Results are 
expressed as percentage change compared with control. The bars repre- 
sent mean + S.D., n = 6. 
taneous apoptosis and apoptosis induced by thapsigargin 
and monensin. In the presence of dimethyl amiloride, the 
inhibitory effects of PMA on apoptosis induced by either 
thapsigargin or monensin were not attenuated. To verify 
the role of PKC activation in PMA-induced suppression of 
HL-60 cell apoptosis, we also observed the interaction 
between PKC inhibitors and PMA. Staurosporine (100 
nM) and GF109203X (1 /xM) partially blocked PMA-in- 
duced intracellular alkalinization (Fig. 9, only the results 
of GF109203X was shown). Both staurosporine and 
GF109203X could induce slight DNA fragmentation i
HL-60 cells and abolished PMA-induced inhibition of 
apoptosis (Fig. 10, shown the interaction between 
GF109203X and PMA on TG-induced apoptosis). There- 
fore, although PMA induces intracellular alkalinization, 
stimulation of Na+/H + antiport and intracellular alkalin- 
ization are not associated with PMA-induced suppression 
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Fig. 9. Effects of PKC inhibitor GF109203X on PMA-induced change in 
pHi. pHi was monitored as described in Fig. 1. At the indicated time, 
PMA (100 nM) was added. (A) In the absence of GF109203X. (B) Cells 
were pretreated with GF109203X (1 ~M) for 5 min. Results in the three 
experiments were similar. 
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Fig. 10. Interaction between GF109203X and PMA on apoptosis induced 
by TG. 1-107 cells were treated with 2.5 nM thapsigargin (TG), 1 /zM 
GF109203X (GF), 100 nM PMA or the combination of these agents for 4 
h in serum-free medium. Fragmented DNA was measured as described in 
Section 2. Results are expressed as percentage change compared with 
control. The bars represent mean +S.D., n = 6. * P < 0.05 compared 
with control, * * P < 0.01 compared with group with TG. 
of HL-60 cell apoptosis. PMA-induced suppression of 
apoptosis is primarily the result of PKC activation. 
4. Discussion 
It has long been recognized that stimulation of Na+/H + 
antiport and intracellular alkalization are prerequisites for 
the activation of various cell functions including cell pro- 
liferation and differentiation [1-4]. Apoptosis is also an 
active process operated by organisms to maintain ascertain 
cell population size [17]. In this study, the roles of Na+/H + 
antiport and intracellular pH in the regulation of HL-60 
cell apoptosis were evaluated. Dimethyl amiloride is a 
specific inhibitor of the membrane Na+/H + antiport which 
blocks the exchange of extracellular sodium with intra- 
cellular proton and induces intracellular acidification by 
inhibiting the function of the Na+/H + antiport [12,13]. On 
the other hand, monensin, a sodium ionophore, facilitates 
the exchange of extracellular sodium and intracellular pro- 
ton and induces intracellular alkalinization [14]. In the 
present experiments the inhibition of Nat /H  t antiport 
and intracellular acidification induced by dimethyl 
amiloride did not increase HL-60 cell apoptosis while 
monensin induced an obvious apoptosis in HL-60 cells. 
Moreover, other agents such as Br-A23187, thapsigargin, 
Ara-c and cycloheximide produced apoptosis in HL-60 
cells and could induce different degrees of intracellular 
alkalinization possibly via the stimulation of Nat /H  t 
antiport. Blockade of Na+/H + antiport and the subsequent 
intracellular alkalinization by dimethyl amiloride signifi- 
cantly inhibited DNA fragmentation induced by Br-A23187 
and thapsigargin. Monensin also induced intracelular alka- 
linization but it was not through the stimulation of mem- 
brane Nat /H  + antiport. Nat /H  ÷ antiport inhibitor 
dimethyl amiloride did not block intracellular alkaliniza- 
tion induced by monensin and only slightly decreased 
DNA fragmentation i duced by monensin. These results 
indicate that intracellular acidification did not result in 
apoptosis, while pHi alkalinization and/or the stimulation 
of Na+/H t antiport contributed, at least partially, to the 
induction of apoptosis by Br-A23187 and thapsigargin i  
HL-60 cells. 
PMA can not only activate PKC but also induce intra- 
cellular alkalinization through the stimulation of Nat /H  + 
antiport. Rajotte et al. [6] reported that PMA-induced 
suppression of apoptosis in Mo7-E cells required a func- 
tional Nat /H  + antiport as inhibitors of Na+/H t antiport 
could decrease suppression ofapoptosis upported by PMA. 
We observed that PMA also induced intracellular alkalin- 
ization and suppressed apoptosis of HL-60 cells induced 
by some agents. However, the inhibitory effect of PMA on 
apoptosis was not attenuated in the presence of dimethyl 
amiloride although PMA-induced intracellular alkalization 
were completely blocked by dimethyl amiloride. On the 
other hand, PKC inhibitors could abolish PMA-induced 
suppression of apoptosis, although they only partially at- 
tenuated intracellular alkalinization induced by PMA. 
Therefore, the inhibition of apoptosis by PMA is primarily 
the results of activation of PKC and is unlikely linked to 
the stimulation of Nat /H  + antiport and pHi alkaliniza- 
tion. 
Based on these observations, we suggest hat a func- 
tional Na+/H + antiport and/or intracellular alkalinization 
are contributory to the induction of apoptosis in HL-60 
cells. This conclusion is supported by the recent report by 
Matsubara et al. [9] that the constitutive ndonuclease in 
myelogenous leukemia (HL-60, U937 and KG-1) cells has 
an optimal pH of 7.5 to 9.0. Of course, the solitary change 
in pHi may not be sufficient o initiate apoptosis. We have 
observed that changes in pHi by the modulation of extra- 
cellular pH did not initiate apoptosis (unpublished ata). 
The possibility is that intracellular alkalinization may act 
to facilitate apoptosis by providing an optimal circum- 
stance for the activation of the endonuclease, which is 
responsible for the initiation of apoptosis induced by vari- 
ous mechanisms. In addition, these results indicate that the 
roles of Na+/H + antiport and intracellular alkalinization 
in apoptosis, an active process which is also an important 
biological function of cells, are identical to that in other 
cell functions. 
There are reports that inhibitors of Na+/H + antiport 
inhibit tumor cell growth [18]. We also found that dimethyl 
amiloride inhibited the growth of HL-60 cells (unpublished 
data). However, dimethyl amiloride (up to 100 /zM) did 
not initiate apoptosis in HL-60 cells; it even inhibited 
apoptosis induced by other reagents. These results are not 
self-contradictory but indicate that the inhibition of cell 
proliferation and growth is not necessarily associated with 
the induction of apoptosis. Rather, cell proliferation and 
apoptosis may be two parallel processes. There are reports 
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that terminal differentiation f HL-60 cells is accompanied 
by apoptosis [19,20]. To some extent, cell proliferation, 
differentiation and apoptosis may be viewed as different 
phases in the process of cell development. Judging from 
our results here, we assume that as in other cell functions, 
stimulation of Na+/H ÷ antiport and intracellular alkaliza- 
tion may facilitate the induction of apoptosis. 
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